Background/Aims: Transforming growth factor β 1 (TGFβ1) plays a critical role in the epithelial-to-mesenchymal transition (EMT) of renal tubular epithelial cells (TECs) during renal injury, a major cause of acute renal failure, renal fibrosis and obstructive nephropathy. However, the underlying molecular mechanisms remain ill-defined. Here, we addressed this question. Methods: Expression of TGFβ1, Snail, and phosphorylated Stat3 was examined by immunohistochemistry in the kidney after induction of unilateral ureteral obstruction (UUO) in mice. In vitro, primary TECs were purified by flow cytometry, and then challenged with TGFβ1 with/without presence of specific inhibitors for phosphorylation of SMAD3 or Stat3. Protein levels were determined by Western blotting. Results: We detected significant increases in Snail and phosphorylated Stat3, an activated form for Stat3, in the kidney after induction of UUO in mice. In vitro, TGFβ1-challenged primary TECs upregulated Snail, in a SMAD3/Stat3 dependent manner. Conclusion: Our study sheds light on the mechanism underlying the EMT of TECs after renal injury, and suggests Stat3 signaling as a promising innovative therapeutic target for prevention of renal fibrosis.
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Introduction
The progression of obstructive nephropathy towards end-stage renal failure is associated with epithelial-to-mesenchymal transition (EMT) of renal tubular epithelial cells (TECs), and appearance of alpha smooth muscle actin (α-SMA)-positive myofibroblasts in the damaged region of the kidney [1] [2] [3] [4] [5] . Both in vivo and in vitro models suggest that the acquisition of the α-SMA-positive phenotype by TECs may be secondary to EMT [6] .
The EMT progress is mediated by coordination of key transcription factors, including Snail, zinc-finger E-box-binding (ZEB) and basic helix-loop-helix transcription factors. Among these factors, Snail, as an important suppression of E-cadherin, plays a critical role [7] [8] [9] . Transforming growth factor β 1 (TGFβ1) is also a key player in the coordination of the process of EMT of renal TECs during renal injury. Binding of TGFβ1 onto the TGFβ receptors on the surface of TECs leads to phosphorylation of a downstream factor, SMAD3 [10] . Phosphorylation of SMAD3 has been regarded as a key progress for the TECs to undergo EMT, since it forms complexes with Smad4 and then translocate into the nucleus and conjunct with other transcription factors to activate target genes [10] . However, the exact molecular signaling that regulates activation of EMT-associated genes by phosphorylation of SMAD3 has not been elucidated. Very recently, activated TGFβ1/SMAD3 signaling has been shown to induce phosphorylation and activation of signal transducer and activator of transcription 3 (Stat3) to promote transcription of Snail in tumors [11] . However, whether this mechanism also functions during EMT of renal TECs is unknown. Here, we addressed this question.
We examined expression of TGFβ1, Snail, and phosphorylated Stat3 by immunohistochemistry in the kidney after induction of unilateral ureteral obstruction (UUO) in mice. In vitro, primary TECs were purified by flow cytometry, and then challenged with TGFβ1 with/ without presence of specific inhibitors for phosphorylation of SMAD3 or Stat3. Protein levels were determined by Western blotting.
Materials and Methods

Protocol approval
All the experimental methods have been approved by the research committee at Hunan University of Chinese medicine. All animal experiments were approved by the Institutional Animal Care and Use Committee at Hunan University of Chinese medicine (Animal Welfare Assurance). All the experiments and methods were carried out in "accordance" with the approved guidelines. Surgeries were performed in accordance with the Principles of Laboratory Care, supervised by a qualified veterinarian.
The UUO model
Ten week-old male C57/BL6 mice (SLAC Laboratory Animal Co. Ltd, Shanghai, China) were used in the current study. Ten mice received UUO and 10 mice were sham treated as controls. For UUO, mice received left ureteral ligation with 6-G silk suture, as has been previously described [12] . After surgery, mice were sacrificed at 3 or 14 days after surgery.
Cell isolation, culture and treatment
Mouse kidney was digested into single cells for flow cytometry. Briefly, de-capsulated mouse kidneys were chopped into small pieces and digested with 60 mg/dl collagenase (Sigma-Aldrich, San Jose, CA, USA) for 30 minutes in a 37 °C shaker at 250 rpm, after which the digests passed a 40 nm filter to collect single cell preparation. The single cell faction was then incubated with PEcy7-conjugated anti-E-cadherin (E-cad, Becton-Dickinson Biosciences, San Jose, CA, USA) for sorting of renal TECs by flow cytometry. The sorted cells were either immediately analyzed by RT-qPCR or Western blotting, or cultured in RPMI1640 medium (Invitrogen, Carlsbad, CA, USA) suppled with 10% fetal bovine serum (FBS, Sigma-Aldrich), penicillin (100μg/ml) and streptomycin (250ng/ml) in a humidified chamber with 5% CO 2 at 37 °C for other assays. After overnight culture, TECs were treated with/without 10 ng/ml TGFβ1 (with/without SMAD3/Stat3 inhibitors) and harvested after 0, 1, 2, 4, 8, 16 and 32 hours, respectively. SMAD3 inhibitor SIS3 (R&D Sytems, Carpinteria, CA, USA; used at 5 µmol/l) or Stat3 inhibitor NSC74859 (R&D Sytems; used at 5 µmol/l) or control DMSO solution was added together with the TGFβ1.
Quantitative RT-PCR (RT-qPCR)
Total RNA were extracted using miRNeasy mini kit (Qiagen, Hilden, Germany). Complementary DNA (cDNA) was prepared from 2 μg of total RNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). RT-qPCR was performed in duplicate using QuantiTect SYBR Green PCR Kit (Qiagen). Primers for mouse TGFβ1 (QT00145250), E-cadherin (QT00121163) and α-tubulin (QT01060283) were purchased from Qiagen. Data were analyzed using 2 -△△Ct method. Values of genes were determined by sequential normalization to α-tubulin and experimental controls.
Western blot
The protein was extracted using RIPA lysis buffer (Sigma-Aldrich) suppled with proteinase inhibitor (Roche, Nutley, NJ, USA). Primary antibodies were rabbit anti-Snail, anti-SMAD3, anti-phosphorylated SMAD3 (pSMAD3), anti-Stat3, anti-phosphorylated Stat3 (pStat3) (Cell signaling, San Jose, CA, USA). Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). The protein levels were determined after sequential normalization to α-tubulin and experimental controls. Densitometry of Western blots was quantified with NIH ImageJ software (Bethesda, MD, USA).
Immunohistochemistry and histology for renal fibrosis
Kidneys were removed, formalin fixed, embedded in paraffin, sectioned at 5μm thickness, and stained with Masson trichrome using routine procedures. Evaluation of renal fibrosis used 20 randomly selected fields per section from 3 sections that are 50 µm to each other. The degree of renal fibrosis was scored as the ratio of the positive stain area (blue) to that of the whole area. For immunohistochemistry, primary antibodies are: rabbit anti-TGFβ1 (R&D Sytems), rabbit anti-Snail (Cell signaling), and rabbit anti-pStat3 (Cell signaling). Secondary antibody is HRP-conjugated rabbit-specific (Jackson ImmunoResearch Labs, West Grove, PA, USA). For ABC staining, incubation with HRP-conjugated secondary antibodies was followed by DAB development (Dako).
Statistical analysis
GraphPad Prism 6.0 (GraphPad Software, Inc. La Jolla, CA, USA) was used for statistical analyses. All values were depicted as mean ± standard deviation and were considered significant if p < 0.05. All data were statistically analyzed using one-way ANOVA with a Bonferroni correction, followed by Fisher's Exact Test for comparison of two groups.
Results
Levels of Snail and pStat3 increase in kidney after UUO
Very recently, activated TGFβ1/SMAD3 signaling has been shown to induce phosphorylation and activation of Stat3 to promote transcription of Snail in tumors [11] . However, whether this mechanism also functions during EMT of renal TECs is unknown. Here, we addressed this question. We used UUO model to mimic the pathological changes during renal injury. We did UUO in 10 mice and sham operated another 10 mice as controls. The mice were sacrificed at 14 days after UUO for renal histology using Masson trichrome staining to analyze and score for the degree of renal fibrosis regions, and for immunohistochemistry for Stat3 activation (Fig. 1A) . We found that UUO induced significant increases in kidney fibrosis in 14 days, shown by representative Masson trichrome images (Fig. 1B) , and by quantification (Fig. 1C) . Moreover, signals for TGFβ1 (Fig. 1D) , Snail (Fig. 1E ) and phosphorylated Stat3 (pStat3, an activated form for Stat3; Fig. 1F ) all increased after UUO, compared to kidneys from control sham-treated mice, shown by representative images. These data suggest a possible association of Stat3 signaling and TGFβ1-induced Snail activation.
TGFβ1 activates Snail in renal TECs
In order to figure out whether TGFβ1 may trigger EMT of renal TECs through Stat3 signaling cascades, we performed in vitro challenge of TGFβ1 together with pathway specific inhibitors on primary TECs. First, we digested the mouse kidney and sorted renal TECs by FACS based on their expression of E-cadherin (E-cad) ( Fig. 2A) , and confirmed the purity by RT-qPCR for E-cad (Fig. 2B) . The purified renal TECs were put in culture (Fig. 2C) . Next, we treated cultured primary TECs with 10 ng/ml TGFβ1 and harvested the cells at 0, 1, 2, 4, 8, 16 and 32 hours after TGFβ1 administration for RT-qPCR and Western blotting for Snail expression. We found that both Snail mRNA (Fig. 2D) and protein (Fig. 2E) (Fig. 2D-E) . These data suggest that Snail may be activated primarily at the transcription level by TGFβ1.
TGFβ1 induces EMT of renal TECs through SMAD3/Stat3 signaling
Finally, we examined whether the recent report about activation of Snail in tumors by TGFβ/SMAD3/Stat3 may be also function in renal TECs [11] . Primary mouse TECs were treated with TGFβ1 and a specific SMAD3 phosphorylation inhibitor (SIS3), or a specific Stat3 phosphorylation inhibitor NSC74859. Cells were analyzed 8 hours after treatment. We found that TGFβ1 induced phosphorylation of SMAD3 and Stat3, as well as activation of Snail (Fig. 3A-C) . Suppression of SMAD3 phosphorylation by SIS3 prevented both TGFβ1-induced phosphorylation of Stat3 and TGFβ1-induced activation of Snail, but suppression of Stat3 phosphorylation by NSC74859 prevented only TGFβ1-induced activation of Snail, without affecting TGFβ1-induced phosphorylation of SMAD3 (Fig. 3A-C) . These data suggest that TGFβ1 may trigger EMT of renal TECs through SMAD3/Stat3 signaling.
Discussion
EMT plays critical roles in embryonic development, tumor initiation and progression and organ remodeling. TGFβ1 greatly increased in the injured and inflamed kidney, mainly released by myofibroblasts and macrophages. TGFβ1 has been characterized as a major inducer of EMT in renal TECs [13] . The major downstream target of TGFβ receptor signaling is SMAD3, but its phosphorylated/activated form did not directly bind to the promoter region of EMT-associated genes. Hence, the factors that directly contribute to transcriptional activation of EMT-associated genes and activated by pSMAD3 need to be determined.
Very recently, Stat3 was shown as a mediator that synergizes TGFβ and Ras signals in tumor cells. This specific function of Stat3 was supported by the factors that several Stat3 mutants lacking transcriptional activity failed to enhance Snail transcription but the wildtype Stat3 did, and Stat3 appeared to enhance Snail induction via its dissociation from Protein inhibitor of activated STAT3 (PIAS3) by TGFβ1 in cooperation with Ras signals [11] . Moreover, activated Stat3 is known to be a potent activator of Snail, through a variety of mechanisms [11, [14] [15] [16] . Since we detected upregulation of pStat3 in the injured kidney, we tried to figure out a direct link between SMAD3 signaling and Stat3 activation as well as Snail expression in the current study. In a set of gain-of-function and loss-of-function experiments, we found out that TGFβ1-induced phosphorylation of SMAD3 indeed promotes transcriptional activation of Snail, through Stat3 signaling. The pSMAD3 may bind to PIAS3, resulting in dissociation of PIAS3 from Stat3, allowing Stat3 to be phosphorylated and then target Snail promoter to activate it.
Yadak et al. showed that IL-6 overexpression in neck tumor cells or immortalized oral epithelial cells significantly induced the expression of mesenchymal marker, vimentin, while repressing E-cadherin expression via the JAK/Stat3/Snail signaling pathway [16] . Moreover, Lee et al. showed that Stat3 down-regulates Snail expression levels and hence suppresses EMT of colorectal cancer cells via augmentation of Snail degradation by regulating phosphorylation of glycogen synthase kinase (GSK) 3β [15] . Furthermore, Liu et al. reported that Stat3 knockdown effectively suppressed Snail expression and blocked motility and invasion in atypical teratoid/rhabdoid tumor cells [14] . In addition, in this study, the authors used chromatin immunoprecipitation assay to demonstrate that STAT3 directly binds to Snail promoter [14] .
Conclusion
To summarize the findings from all these studies, here we propose a model of crosstalk between SMAD3 signaling and Stat3 signaling that regulate the Snail expression by TGFβ1. Understanding this molecular signaling may provide basic knowledge to promote invention of novel strategies for kidney functional preservation against renal fibrosis.
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